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The associated production of a single-top with opposite-sign same-flavor (OSSF) dileptons, pp →
tlþl− and pp → tlþl− þ j (j ¼ light jet), can lead to striking trilepton pp → l0lþl− þ X and dilepton
pp → lþl− þ jb þ X (jb ¼ b-jet) events at the LHC, after the top decays. Although these rather generic
multilepton signals are flavor-blind, they can be generated by new 4-Fermi flavor changing (FC) uitll
scalar, vector and tensor interactions (ui ∈ u, c), which we study in this paper; we match the FC uitll
4-Fermi terms to the SMEFT operators and also to different types of FC underlying heavy physics. The
main backgrounds to these di- and trilepton signals arise from tt̄, Z þ jets and VV (V ¼ W, Z) production,
but they can be essentially eliminated with a sufficiently high invariant mass selection on the OSSF
dileptons, mmin

lþl−ðOSSFÞ≳ 1 TeV; the use of b-tagging as an additional selection in the dilepton final state
case also proves very useful. We find, for example, that the expected 95% CL bounds on the scale of a
tensor(vector) utμμ interaction, with the current ∼140 fb−1 of LHC data, are Λ ≲ 5ð3.2Þ TeV or
Λ ≲ 4.1ð2.7Þ TeV, if analyzed via the dimuon μþμ− þ jb signal or the eμþμ− trilepton one, respectively.
The expected reach at the HL-LHC with 3000 fb−1 of data is Λ≲ 7.1ð4.7Þ TeV and Λ≲ 2.4ð1.5Þ TeV
for the corresponding utμμ and ctμμ operators. This should be compared to the current bounds of
Λ ≲Oð1Þ TeV on both the utll and ctll operators from LEP2 and from pp → tt̄ followed by
t → lþl−j. We also study the potential sensitivity at future 27 TeV and 100 TeV high-energy LHC
successors, which, for the utll operators, can reach Λ ∼ 10–40 TeV. We furthermore discuss the
possible implications of this class of FC 4-Fermi effective interactions on lepton nonuniversality tests
at the LHC.

DOI: 10.1103/PhysRevD.103.075031

I. INTRODUCTION

The origin of the observed flavor pattern in the fermion
sector still remains one of the fundamental unresolved
questions in theoretical particle physics. In particular, tree-
level flavor-changing neutral currents (FCNC) are absent in
the Standard Model (SM), so that FCNC effects in the SM
are, in many cases, vanishingly small since they can only
arise at the loop level and are GIM suppressed; this is the
case for t → u and t → c transitions in top decays [1–10]
and/or top-production processes [11–18]. Thus, the feeblest

signal of FCNC effects in the top sector, either direct or
indirect, may be an indicator of new flavor physics beyond
the SM. This fact has led to a lot of theoretical as well as
experimental activity in understanding and searching for
top FCNC within model independent approaches, as well
as within specific popular models beyond the SM.
The significantly larger mass of the top-quark compared

to all other quarks, best manifests the SM flavor problem
and makes it the most sensitive to several types of new
physics (NP) and, in particular, to new flavor and CP-
violation physics [19]. For example, FCNC effects in
decays of a quark will be typically suppressed by some
power of mq=Λ, where Λ is the scale of the underlying NP,
so that the larger the quark mass, the more significant the
FCNC effects. For this reason, searching for new FC
dynamics in the top-sector was and is one of the major
goals of past, current and future colliders. However,
unfortunately, after more than a decade of collecting data
and searching for NP in numerous processes at the 7, 8 and
13 TeV LHC, it is now clear that the scale of any natural
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underlying heavy physics and, in particular, the scale of
possible flavor violation in the 3rd generation fermion
sector, lies above Λ ∼ 1–2 TeV. Indeed, even for decays
of the top-quark, where the expected suppression factor
for the corresponding NP-generated FC partial width is
ðmt=ΛÞn (typically n ¼ 4 for FCNC top decays), the search
for new underlying FC physics is extremely difficult.
On the other hand, the corresponding suppression factor

for the cross-sections of any NP-generated FC scattering
processes involving the top-quark, will be typically propor-
tional to some power of v=Λ or Ecm=Λ, where Ecm is the
c.m. energy of the collider. In particular, as we show below,
the FC t → u and t → c transitions can be very efficiently
studied in scattering processes, in some selected single-top
production processes, where the FCNC effects are
enhanced and SM backgrounds dramatically suppressed,
i.e., at high Ecm, which is particularly useful from the
experimental point of view.
Having emphasized the advantages of using scattering

processes at the LHC as a testing ground for NP and, in
particular, for searches of FC effects in top-quark systems,
we now turn to a concrete illustration of these general
statements. We will consider the following dilepton and
trilepton signals with a pair of opposite-sign same-flavor
(OSSF) leptons:

pp → l0lþl− þ X; ð1Þ

pp → lþl− þ jb þ X; ð2Þ

where a selection of a single b-tagged jet is used with the
dilepton final state and, in general, l;l0 ¼ e, μ or τ and
l0 ¼ l and/or l0 ≠ l can be considered in the trilepton
case. These di- and trilepton signals are useful for generic
NP searches and, as it turns out, although they are flavor-
blind, they can also be very effectively used to search for
FCNC physics in the top sector.
We study here the effects of higher dimensional effective

4-Fermi tuill FC interactions,1 where ui stands for either a
u or a c-quark and l can be either of the three SM charged
leptons, l ¼ e, μ, τ.2 Specifically, we will show that the
higher dimensional FC tuill operators are best studied via
the following single-top þ dilepton associated production

channels with 0 and/or 1 accompanying light-jet j (t stands
for either a top or antitop quark)3,4:

ðtllÞ0∶ pp → lþl− þ t;

ðtllÞ1∶ pp → lþl− þ tþ j; ð3Þ

that lead to the dilepton and trilepton signals in (1) and (2),
after the top decays via t → bW and, in the trilepton case,
followed byW → l0νl0. Also, only the case of lepton flavor
diagonal tuill 4-Fermi contact terms will be studied, so
that the dileptons ll in (3) and therefore also in (1) and (2)
are OSSF. Note, though, that similar effects are expected
from the lepton flavor violating tuill0 4-Fermi interactions
if the underlying scale of lepton flavor violation is also at
the multi-TeV scale, see e.g., [43–45]. Indeed, the presence
of two-three high-pT charged leptons allows to have an
efficient trigger strategy on such final states that can be
used to very effectively cut down the event rate of the
background. As will be shown, the new FC 4-Fermi tuill
interactions can be isolated from the SM background, as
well as from other potential sources of NP that can affect
these tll signals, by looking at the off-Z peak behavior of
the OSSF dileptons in the ðtllÞ0 → lþl− þ jb, l0lþl−

and ðtllÞ1 → lþl− þ jb, l0lþl− signals from (3).
Let us recall that, in the SM, single-top production at the

LHC proceeds via several channels with different under-
lying leading topologies:

(i) The so-called s-channel and t-channel W-exchange
processes: ud̄ → tb̄ and qb → q0t (q; q0 ¼ u, d),
respectively.

(ii) Single top production in association with a gauge-
boson, which are initiated by b-quarks in the proton:
bg → tW and bW → tZ=γ. In the four flavor scheme,
where only light quarks and gluons are allowed in
the initial state, these processes are responsible for
tV þ jets production, e.g., pp → tZjþ jb, where jb
stands for a b-jet (see Fig. 1).

(iii) Single top-Higgs associated production: bW → th,
which in the four flavor setup yields pp → thj
and pp → thW.

All the single-top channels mentioned above with the
exception of the tW and tWj final states are pure electro-
weak (EW) processes. It is for this reason that these
channels, including possible EFT FC effects, have been

1Some of the t → ui 4-Fermi operators that we consider below
are especially interesting, since by gauge invariance (see further
discussion below), they also contribute to b → slþl− and
b → cl−νl transitions and, therefore, to the anomalies observed
in the ratios RKð�Þ and RDð�Þ in neutral and charged semileptonic
B-decays [20–40] (for a recent review see [41]). If confirmed,
these anomalies would favor a multi-TeV scale for lepton-flavor
nonuniversal (LFNU) new physics not only in B decays, but also
in the t → u; c transitions studied in this paper.

2We note that final states involving the τ have, in general, a
lower experimental detection efficiency and are, therefore, ex-
pected to be less effective for our study.

3An interesting example of single-top production that can
potentially lead to the dilepton and trilepton signals in (1) and (2)
was recently studied in [42]. They investigated the effects of FC
Z0
μtRγμuR and Z0

μtRγμcR couplings on the process pp → tZ0,
which can lead to the ðtllÞ0 signal in (3) if the Z0 also couples to
a pair of SM leptons.

4We note that a large charge asymmetry is expected, e.g., in
pp → l0þlþl− versus pp → l0−lþl−, due to an asymmetric
production of top versus antitop quarks in (3) via ug-fusion (see
Fig. 2), which is caused by the asymmetric u versus anti-u quark
densities in the LHC pp initial state.
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widely studied in the past two decades [42,46–75]; a
global and comprehensive analyses of the effects of various
types of higher dimensional operators involving the top-
quark field(s), including FC 4-Fermi operators of the type
considered here (e.g., in [47]) can be found in [47–49,
52–56]. The effects of (2-quarks)(2-leptons) 4-Fermi oper-
ators (which are of interest in this study) on the single
topþW production channel pp→ tW→lþl−þjbþ=ET ,
had been recently studied in [76], where bounds at the
level of Λ≳ few × 100 GeV were found on the scale of
these operators. We note also the study in [77] of the
effects of FC 4-quarks operators in single-top production
via qq̄ → tþ j (j ¼ light-quark jet).
Our ðtllÞ0 zero-jets single-top þ dilepton channel has,

therefore, no significant, irreducible SM tree-level contri-
bution: the process requires a FC t → u insertion, and the
leading order SM diagrams for this process are 1-loop and
are GIM suppressed. The combination of these effects
renders the corresponding amplitude unobservably small
within the SM. On the other hand, the ðtllÞ1 channel
pp → tlþl−j does have potentially significant SM con-
tributions [78–82], which is dominated by the EW asso-
ciated production of a single-top with a Z-boson and an
accompanying light-jet, i.e., via ub → tZj in the five-flavor
scheme, followed by the decay Z → lþl− as shown in the
left diagram of Fig. 1. There is also a nonresonant
contribution to ðtllÞ1 (also depicted in Fig. 1) which is,
however, subleading in the SM, consisting of no more than
∼15% of the total cross section [79]. The process ðtllÞ1
has been measured by both ATLAS [83,84] and CMS
[85,86] collaborations, who focused on the on-Z peak
events, using a selection of jmlþl− −mZj < 10 GeV for the
signal region. The total (full phase-space) cross section was
obtained by an extrapolation using the efficiency and
acceptance factors calculated for the SM kinematics. In
a very recent search by CMS [87], the effects of 4-Fermi
tt̄lþl− operators (rather than the FC tuilþl− operators
relevant to our study) on the ðtllÞ1 process and other top(s)
þ dilepton signals were studied (e.g., in pp → tt̄lþl−),
where off-Z peak dilepton events were also considered with
a selection jmlþl− −mZj > 10 GeV, though they did not

make use of the “hard” selection mlþl−ðOSSFÞ >
1000 GeV that we utilize in this work.
Indeed, our main interest in this paper will be the

potential NP effects that contribute to the OSSF cross
section in the region of high dilepton invariant masses, e.g.,
mlþl−ðOSSFÞ≳ ð100–1500Þ GeV. This will be the case, in
particular, for the EFT contributions we study below. As
we show below, large deviations from the SM are expected
also off the Z-peak in the ðtllÞ0 and ðtllÞ1 single-top þ
dilepton channels of (3), in the presence of new top-quark
couplings to leptons, which do not necessarily involve
anomalous couplings of the SM gauge-bosons to the
top-quark.

II. NEW PHYSICS SETUP AND
SINGLE-TOP + DILEPTON PRODUCTION

AT THE LHC

The NP will be parametrized by higher dimensional,

gauge-invariant effective operators, OðnÞ
i , in the so-called

SM effective field theory (SMEFT) framework [88–92]; the
effective operators are constructed using the SM fields and
their coefficients are suppressed by inverse powers of the
NP scale Λ [88–92]:

L ¼ LSM þ
X∞
n¼5

1

Λn−4

X
i

αiO
ðnÞ
i ; ð4Þ

where n is the mass dimension of OðnÞ
i and we assume

decoupling and weakly-coupled heavy NP, so that n equals
the canonical dimension. The dominating NP effects are
then expected to be generated by contributing operators
with the lowest dimension (smallest n) that can be
generated at tree-level in the underlying theory. The
(Wilson) coefficients αi depend on the details of the
underlying heavy theory and, therefore, they parameterize
all possible weakly-interacting and decoupling types of
heavy physics; an example of matching this EFT setup to a
specific underlying heavy NP scenario will be given below.
The dimension six operators (n ¼ 6) include seven

4-Fermi operators, listed in Table I, that involve t and u

FIG. 1. Representative lowest-order Feynman diagrams for the SM single top-quark + dilepton production with one light jet,
pp → tlþl−j. Diagrams are shown for the on-Z peak (left) and non-resonant lþl− (right) production cases.
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quarks and a pair of charged leptons and are relevant for the
processes we consider. As will be discussed below, these
operators may also generate LFNU effects. In Fig. 2 we
depict representative diagrams for the ðtllÞ0 and ðtllÞ1
processes in (3), which are mediated by the tūlþl−

4-Fermi operators in Table I.
We will henceforward adopt the parametrization used in

[93] for the effective Lagrangian of the FC tūlþl− contact
interactions (a similar parametrization for the tt̄lþl−

interactions has been used in [94,95] for the study of
eþe− → tt̄), which was also used by the DELPHI [96] and
L3 [97] collaborations at LEP2 to set bounds on the tcee
contact interactions resulting from the 4-Fermi operators of
Table I (see also discussion below):

Ltull¼
1

Λ2

X
i;j¼L;R

½Vl
ijðl̄γμPilÞðt̄γμPjuÞþSlijðl̄PilÞðt̄PjuÞ

þTl
ijðl̄σμνPilÞðt̄σμνPjuÞ�; ð5Þ

where PL;R ¼ ð1 ∓ γ5Þ=2 and u represents a 1st or 2nd
generation up-quark. In terms of the coefficients of the
effective operators in Table I, the vectorlike (Vl

ij), scalarlike
(Slij), and tensorlike (Tl

ij) couplings are given by (we
henceforward drop the superscript l):

VLL ¼ αð1Þlq − αð3Þlq ; VLR ¼ αlu;

VRR ¼ αeu; VRL ¼ αqe;

SRR ¼ −αð1Þlequ; SLL ¼ SLR ¼ SRL ¼ 0;

TRR ¼ −αð3Þlequ; TLL ¼ TLR ¼ TRL ¼ 0: ð6Þ

These 4-Fermi interactions can be generated through
tree-level exchanges of heavy vectors and scalars in the
underlying heavy theory (or their Fierz transforms). Note
that no LL tensor or LL, LR and RL scalar terms are
generated at dimension 6; they can, however, be generated
by dimension 8 operators and thus have coefficients sup-
pressed by ∼ðv2=Λ4Þ, where v ¼ 246 GeV is the Higgs
vacuum expectation value.

A. Examples of matching to underlying beyond
the SM scenarios

Interesting examples of underlying heavy particle tree-
level exchanges that can generate some of the tuill
operators above include the R2-type scalar leptoquark (this
is the only scalar leptoquark that does not induce proton
decay) and the U1-type vector leptoquark, which trans-
forms as ð3; 2; 7=6Þ and ð3; 1; 2=3Þ under the SUð3Þ ×
SUð2Þ × Uð1Þ SM gauge group, respectively. These two
leptoquarks can address both RKð�Þ and RDð�Þ anomalies as
well as the muon g − 2 one (see [98–105] for the R2 case
and [106–111] for the U1 case), having the following
couplings to a quark-lepton pair [112]:

LR2

Y ¼ zēRi⋆
2 q

i − yūRi
2ϵijl

j þ H:c:; ð7Þ

LU1

Y ⊃ xq̄γμU
μ
1lþ H:c:; ð8Þ

where i, j are SUð2Þ indices and flavor indices are not
specified (U1 can have additional dRγμeR and uRγμνR

FIG. 2. Representative Feynman diagrams for the lowest order single top-quark þ dilepton production channels with no light jets
pp → tlþl− (left) and with one light jet pp → tlþl− þ j (middle and right) at the LHC, via the tūlþl− 4-Fermi interaction (marked
by a heavy dot).

TABLE I. The dimension six operators in the SMEFT, which
potentially involve FC (t → u) interactions between top-quarks
and leptons and may, therefore, be a source for lepton nonuni-
versal effects (see also text). The subscripts p, r, s, t are flavor
indices.

4 − Fermi∶ ðL̄LÞðL̄LÞ
Oð1Þ

lq ðprstÞ ðl̄pγμlrÞðq̄sγμqtÞ
Oð3Þ

lq ðprstÞ ðl̄pγμτIlrÞðq̄sγμτIqtÞ

4 − Fermi∶ ðR̄RÞðR̄RÞ
OeuðprstÞ ðēpγμerÞðūsγμutÞ

4 − Fermi∶ ðL̄LÞðR̄RÞ
OluðprstÞ ðl̄pγμlrÞðūsγμutÞ
OqeðprstÞ ðēpγμerÞðq̄sγμqtÞ

4 − Fermi∶ ðL̄RÞðL̄RÞ þ H:c:.

Oð1Þ
lequðprstÞ ðl̄jperÞϵjkðq̄ksutÞ

Oð3Þ
lequðprstÞ ðl̄jpσμνerÞϵjkðq̄ksσμνutÞ
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couplings which are not relevant to our setup). In particular,
tree-level exchanges of R2 and U1 among the lepton-quark
pairs induce (after a Fierz transformation) [105,113]:

U1∶ αð1Þlq ¼ αð3Þlq ¼ −
xx⋆
2M2

U1

;

R2∶ αqe ¼ −
zz⋆
2M2

R2

; αlu ¼
yy⋆
2M2

R2

;

αð1Þlequ ¼ 4αð3Þlequ ¼ −
yz

2M2
R2

; ð9Þ

where MR2
and MU1

are the masses of R2 and U1,
respectively. Thus, following our parametrization in
Eq. (5), we see that the 4-Fermi vector couplings VRL
and VLR as well as the scalar and tensor couplings SRR and
TRR can be generated in the underlying heavy theory if it
includes the leptoquarks R2, and if this leptoquark
couples, e.g., to top-muon and up-muon (or charm-muon)
pairs. It is interesting to note that, although U1 contributes

to the operatorsOð1Þ
lq andOð3Þ

lq , it does not generate the VLL

vector interactions of (5), since αð1Þlq ¼ αð3Þlq ifOð1Þ
lq andOð3Þ

lq

are generated byU1. On the other hand, it will generate the
VLL terms for the corresponding down-quark operators,

e.g., ðl̄γμPilÞðb̄γμPjsÞ, for which VLL¼αð1Þlq þαð3Þlq , see
e.g., [113].
A compilation of the various types of NP that can induce

the dimension six 4-Fermi interactions in Table I can be
found in [44].

III. BOUNDS AND RELATED PHENOMENOLOGY

We now briefly summarize the current bounds and
phenomenology aspects related to the tuill4-Fermi con-
tact interactions of Eq. (5).

A. The tuiee 4-Fermi operators involving two electrons

These operators can contribute to single top-quark þ
light-jet production at an eþe− machine: eþe− → tþ j,
where the light-jet j originates from either a u or a c-quark.
Accordingly, these operators were studied and constrained
at LEP2 by the DELPHI [96] and L3 [97] collaborations,
who reported bounds ranging from Λ≳ 600 GeV to
Λ≳ 1.4 TeV, depending on the underlying NP mechanism,
i.e., whether a scalar, vector or tensor-like tuiee 4-Fermi
vertex is involved, and assuming Oð1Þ couplings for these
interactions. A slight improvement can be obtained by
combining these LEP2 bounds with (the rather weak)
bounds derived from the rare top decay to a pair of charged
leptons and a jet t → lþl−j [43,44,47,77,114].5

B. The tuiμμ 4-Fermi operators involving two muons

The constraints on these operators are weak due to the
absence of experimental bounds off the Z peak. In
particular, bounds on these operators can be derived from
pp → tt̄ production at the LHC, followed by t → lþl−j
by one of the top-quarks, but no off-Z peak data was
analyzed in this channel. Note, however, the recent inter-
esting analysis performed in [44] extending existing t → Zj
experimental searches in tt̄ production at the LHC, using an
off-Z peak dilepton invariant mass selection to put new
bounds on the scale of tuill 4-Fermi operators of Table I.
They found e.g., that Λ≳ 0.8; 1.0; 1.5 TeV can be reached
at the future HL-LHC on the scalar, vector and tensor tuμμ
and tcμμ interactions, respectively, for Oð1Þ couplings:
SRR ¼ Vij ¼ TRR ¼ 1. These bounds are comparable to the
LEP2 bounds on tuee and tcee discussed above, but, as we
will show below, fall short by a factor of 3-5 compared to
the sensitivity that can be obtained using the single-top +
dilepton channels considered in this work.

C. Implications of gauge invariance: Consequences
for b-quark scattering and B-physics

In operators involving left-handed quark isodoublets
gauge invariance relates the tull and bdll4-Fermi FC
interactions.6 In particular, among the operators in Table I,

the ðL̄LÞðL̄LÞ operators Oð1Þ
lq , Oð3Þ

lq and the ðL̄RÞðR̄LÞ
one Oqe, include also the corresponding FCNC bdll
interactions:

Oð1Þ
lq ðpr31Þ¼ðl̄pγμPLlrÞ · ½ðt̄γμPLuÞþðb̄γμPLdÞ�;

Oð3Þ
lq ðpr31Þ⊃ ðl̄pγμτ

3PLlrÞ · ½ðt̄γμPLuÞ−ðb̄γμPLdÞ�;
Oqeðpr31Þ¼ðl̄pγ

μPRlrÞ · ½ðt̄γμPLuÞþðb̄γμPLdÞ�: ð10Þ

Referring to (5) it then follows that the VLL and VRL
couplings for the t and b quarks are related: VLLðtullÞ ¼
αð1Þlq − αð3Þlq , VLLðbdllÞ ¼ −αð1Þlq − αð3Þlq and VRLðtullÞ ¼
VRLðbdllÞ ¼ αqe, and the corresponding scales Λ are the
same. Similar relations occur for operators involving
left-handed quarks of the 2nd and 3rd generations,
e.g., VRLðtcllÞ ¼ VRLðbsllÞ.
The triplet operator Oð3Þ

lq ðpr31Þ also includes the
4-Fermi charged currents, e.g., for the muon case:
ðtγμPLdÞðμγμPLνμÞ and ðbγμPLuÞðμγμPLνμÞ, and, similarly,

Oð3Þ
lq ðpr32Þ ⊃ ðtγμPLsÞðμγμPLνμÞ; ðbγμPLcÞðμγμPLνμÞ.

Furthermore, the ðL̄RÞðL̄RÞ scalar and tensor operators

5The partial FC top decay width Γllu ¼ Γðt → lþl−uÞ due to
the 4-Fermi tuill scalar, vector and tensor interactions of (5) is:
Γllu¼ð2πmt=3Þ½mt=ð8πΛÞ�4 ·ðS2RRþ4

P
V2
ijþ48T2

RRÞ [44,77].

6Note that the correlation between operators involving the top-
quark and operators involving the b-quark should be taken with
caution, since sign differences can lead to e.g., a cancellation of
effects for operators involving bL and an enhancement for those
involving tL (or vice-versa).
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Oð1Þ
lequðpr31Þ and Oð3Þ

lequðpr31Þ induce the charged currents

involving the b-quark: ðb̄PRuÞðν̄μPRμÞ, ðb̄σμνPRuÞ
ðν̄μσμνPRμÞ and similarly the b → c ones for Oð1Þ

lequðpr32Þ
and Oð3Þ

lequðpr32Þ.
Therefore, the VLL, VRL, SRR and TRR 4-Fermi tull and

tcll terms in (5), have also interesting repercussions in
scattering processes involving the b-quark in the final state,
e.g., dg → bll [115–119], in bq scattering e.g., bd → ll,
bu → lνl [120–122] as well as in B-decays (see e.g.,
[107,123]). For the latter, some of the notable ones include
Bþ → πþμþμ−, Bþ → Kþμþμ− and B0

d;s → μþμ− associ-
ated with b → d transitions, see e.g., the recent analysis in
[113], as well as the RKð�Þ and RDð�Þ anomalies [20–41],
which occur in b → slþl− and b → cl−νl transitions,
respectively, and may, therefore, be closely related to
the tuill dynamics discussed in this work (see also [124–
126]). In particular, a best fit to RKð�Þ , RK and B0

s → μþμ−

observables implies that the scale of Oð1Þ
lq ðpr32Þ or

Oð3Þ
lq ðpr32Þ (or both) is around 40 TeV [113] assuming no

cancellations, in which case the contribution of these oper-
ators to our single-top production processes is too small to be
observed at the 13 TeV LHC. Alternatively, if single top

production effects involvingOð1;3Þ
lq are observed at the LHC,

this would indicate not only the presence of NP, but also that

cancellations do in fact occur (αð1Þlq ≃ αð3Þlq ), giving additional
information about the properties of the new physics involved.

D. Implications of gauge invariance: pp → t+=ET
and pp → tl+=ET single-top signals

The ðL̄LÞðL̄LÞ vector operator Oð3Þ
lq as well as the

ðL̄RÞðL̄RÞ scalar and tensor 4-Fermi operators Oð1Þ
lequ and

Oð3Þ
lequ, which contribute to the FCNC tuill interactions

(ui ∈ u, c), also include (by virtue of gauge invariance) the
charged 4-Fermi currents tdlνl (d ∈ d, s). As such, these
operators will also lead to the single-top þ single-lepton
signals with 0 and 1 accompanying light jet and missing
energy, in analogy to the dilepton signals of (3):

pp → lþ tþ =ET

pp → lþ tþ jþ =ET; ð11Þ

where the underlying production mechanisms for these
processes are similar to the ones depicted in Fig. 2,
replacing u → d and one of the charged leptons with a
neutrino in these diagrams.7

Similarly, the ðL̄LÞðL̄LÞ operators Oð1Þ
lq , O

ð3Þ
lq and the

ðL̄LÞðR̄RÞ operator Olu with flavor indices contributing to
the tuill interactions, also generate (again, by virtue of
gauge invariance) the FCNC 4-Fermi terms involving only
neutrinos, i.e., tuiνlνl. They therefore also lead to the
following signals of a single-topþ =ET with and without a
light-jet (and without charged leptons):

pp → tþ =ET

pp → tþ jþ =ET; ð12Þ

where, here also, the underlying diagrams for these
processes are similar to the ones depicted in Fig. 2,
replacing the two charged leptons with two neutrinos.
These single-top þ single (charged) leptonþ =ET and

single-topþ =ET signals are more challenging, since they
are expected to have a significantly larger SM background,
e.g., from tt̄ production. Nonetheless, a dedicated study
of such beyond the SM signals is called for, where the
correlations between the no-lepton, monolepton, and dilep-
ton single-top signals can be exploited to gain a better
sensitivity, as we have recently demonstrated in [119].
Following the above discussion, in Table II we draw a

chart which maps the contributions of the six types of
4-Fermi tuill operators studied here to the different types
of single-top production processes and to b=B-physics. We
see that VRR is the only operator which affects only the
single-top þ dilepton signals studied in this work, without
influencing the other single-top channels and b=B-physics.

IV. SIGNAL AND BACKGROUND ANALYSIS

In this section we will describe the essential ingredients
for the signal over background analysis of the single top þ
dilepton signal. Specifically, we will provide a sensitivity
study to the NP signals, based on simplified criteria. A
more realistic analysis will be presented in the next section.
We will use an mll-dependent integrated cross section,

selecting events above a minimum value of mll:

TABLE II. Processes affected by the six 4-Fermi tuill oper-
ators type, due to gauge invariance. b=B-physics stands for
scattering processes, not involving top-quarks, with b-quark
either in the initial or the final state, and/or NP in B-decays.
See also text.

tuill 4-Fermi type

signal SRR TRR VRR VLL VRL VLR

pp → tll=tllþ j ✓ ✓ ✓ ✓ ✓ ✓
pp → tlþ =ET=tlþ jþ =ET ✓ ✓ ✓
pp → tþ =ET=tþ jþ =ET ✓ ✓
b=B-physics ✓ ✓ ✓ ✓

7Note that another related operator Oledq ¼ ðl̄eÞðd̄qÞ, which is
not considered in this work (i.e., since it does not yield the FC
tuill interactions that lead to our single-top þ dilepton signals)
can also contribute to the mono-topþ single-lepton signals in (11).
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σðmmin
ll Þ≡ σðmll ≥ mmin

ll Þ ¼
Z
mll≥mmin

ll

dmll
dσ

dmll
; ð13Þ

where mmin
ll will be chosen to optimize the analysis

sensitivity. In the next section we will also impose an
upper cut, mll ≤ mmax

ll , that will be used to ensure the
applicability of the EFT approach we adopt.
The cross section for the single-top þ dilepton produc-

tion channels in (3) can then be written in the general form

σtlljðmmin
ll Þ ¼ σSMtlljðmmin

ll Þ þ f2

ðΛ=½TeV�Þ4 · σ
NP
tllj

ðmmin
ll Þ;

ð14Þ

where σSMtlljðmmin
ll Þ and σNPtllj

ðmmin
ll Þ are the mll-dependent

SM and NP2 integrated cross sections, respectively. We
recall that σSMtll0

¼ 0 at tree-level and that the 1-loop
contribution is vanishingly small (see the discussion in
Sec. I). Furthermore, the NP diagrams are QCD-generated
(via gluon-quark and gluon-gluon fusion, see Fig. 2) and, in
the tll1 case, they do not interfere with the SM, which is
electroweak-generated and involves a different final state
(see Fig. 1). Therefore, there is no term ∝ 1=Λ2 for both the
tll0 and tll1 channels, so that the leading NP terms are
scaled by the NP couplings f2=Λ4, where f is the
dimensionless coefficient of the 4-Fermi tuill interactions
in (5) and (6), i.e., f ¼ Vij; Sij or Tij for the vector, scalar,
or tensorlike terms and we will take f ¼ 1 henceforward
for simplicity.
All cross sections reported in this section were calculated

using MADGRAPH5_aMC@NLO [127] at LO parton-level and
a dedicated universal FeynRules output (UFO) model for
the EFT framework was produced using FeynRules [128].
We have used the LO MSTW 2008 parton distribution

functions (PDF) set (MSTW2008lo68cl [129]) in the
5-flavor scheme with a dynamical scale choice for the
central value of the factorization (μF) and renormalization
(μR) scales, i.e., corresponding to the sum of the transverse
mass in the hard-processes. As a baseline selection,
we used: pTðjÞ > 35 GeV, jηðjÞj < 4.5 for jets and
pTðlÞ > 25 GeV,jηðlÞj < 2.5 for leptons. Also, the mini-
mum angular distance in the η − ϕ plane between all
objects (leptons and jets) is > 0.4 and kinematic selections
cuts (i.e., on the dilepton invariant mass) were imposed
using MADANALYSIS5 [130].
To get an estimate of the sensitivity of the results to the

lower cut selection of the dilepton invariant mass mmin
ll , we

plot in Fig. 3 and list in Table III the NP and SM integrated
tllj cross sections, as a function of mmin

ll (at this point
without an upper cut selection mmax

ll ), where the NP terms
were calculated for the scalar, vector, and tensor 4-Fermi
operators with the benchmark values of Λ ¼ 1 TeV and
f ¼ 1 (f ¼ SRR; VRR; TRR). Results for different choice of
Λ and/or f are obtained by scaling the cross section by
f2=Λ4. We see that selecting high mll dilepton events,
mmin

ll > 100 GeV, the SM contribution for the ðtllÞ1
is dramatically suppressed (i.e., by about five orders of
magnitude in going from mmin

ll ¼50GeV to mmin
ll ¼1TeV).

With this choice we have σSMtll1 ≪ σNPtll1 , so that the SM
contribution can also be ignored in (14). Indeed, as shown
below, we obtain a better sensitivity to the NP with a higher
mmin

ll selection, for which, not only the SM irreducible
background effectively vanishes, but also the potential
reducible SM background is essentially eliminated.
In the following we will study the sensitivity only to

the SRR, VRR, and TRR 4-Fermi interactions, noting that,
since we are mainly analysing total cross sections and
since there are no SM × NP interference effects (see
discussion above), the sensitivity and reach for the other

FIG. 3. Integrated cross sections for the ðtllÞ0 and ðtllÞ1 single-topþ dilepton channels, as a function of the lower dilepton invariant
mass cut, see (14). The NP effects are calculated with Λ ¼ 1 TeV and f ¼ 1, where f ¼ VRR, f ¼ SRR or f ¼ TRR.
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4-Fermi vector currents, VLL;, VRL, and VLR is identical to
that of VRR.

A. Event selection: signal vs background

To study the sensitivity to the NP, we will isolate the
signal using either an inclusive trilepton selection criteria or
a dilepton signature with an additional selection of a single
b-tagged jet:8

ðl0llÞ∶ pp → l0lþl− þ X; ð15Þ

ðll1bÞ∶ pp → lþl− þ jb þ X; ð16Þ

so that in the trilepton case we select events where the top
decays via t → bW → bl0νl0 and demand exactly 3 (iso-
lated) charged leptons in the final state, where, in general,
l;l0 ¼ e, μ or τ and l0 ¼ l and/or l0 ≠ l can be
considered. An additional selection of a single b-tagged
jet with the trilepton signal, i.e., ðl0ll1bÞ∶ pp →
l0lþl− þ jb þ X may in some cases also improve the
sensitivity to the scale of the tuill4-Fermi operators; we
will briefly comment on that in the next section. We note
that the ðl0llÞ trilepton selection was recently used by
both ATLAS [83,84] and CMS [85,86] in the measurement
of the SM pp → tlþl−j cross section (see also [66,72,
78,87]). In fact, these trilepton signatures (with or without a
high-pT jet; either light-jet or a b-jet) are rich in phenom-
enology, as they can probe several types of other well
motivated TeV-scale NP scenarios, e.g., electroweak pair
production of charginos and neutralinos in supersymmetry
[131] and the production of a heavy neutral Majorana-type
lepton [132].
We find that the trilepton ðl0llÞ or dilepton ðll1bÞ

signal selections of (15) and (16) along with the selection of
events with high lþl− invariant mass are sufficient to
reduce the potential SM background to the level that it can

be neglected. Furthermore, selecting a single b-tagged jet is
found to be crucial in the case of the dilepton signal for
efficiently tagging the top-quark decay in the final state and
isolating the signal from the background (see also
[116,117,121], where a better sensitivity for NP effects
in dilepton events was obtained with a single b-tagged jet
selection in pp → μþμ− þ jb and pp → τντ þ jb).
As a case study, for the rest of this section we will

assume that the NP generates only the dimuon 4-Fermi
interactions and focus below either on the ðeμμÞ trilepton
channel pp → e�μþμ− þ X or the ðμμ1bÞ signal
pp → μþμ− þ jb þ X. We note, though, that similar analy-
ses can be performed for the trilepton case in the channels
eμμ; μμμ; τμμ or, more generally, for the channels
ell; μll; τll when the NP generates the tuill operators
for any given lepton flavor. Tri-lepton final states with 3
identical leptons can be similarly analyzed with appro-
priate selections on any pair of OSSF leptons. However,
both the dilepton and trilepton final states involving the τ
are more challenging and are expected to have a
decreased sensitivity due to the lower experimental
detection efficiency for the τ.
The leading potential background for the tμμ and tμμj

signals arise from the SM tt̄ and μþμ− þ jets (dubbed
hereafter as Z þ jets) production channels:

(i) tt̄: pp → tt̄, followed by leptonic top-quark decays
to muons tt̄ → μþμ− þ 2jb þ =ET

(ii) Z þ jets: pp → μþμ− þ jets
which pass the trilepton selection when a nonprompt or
fake lepton originate from hadronic decays or from mis-
identified jets. Additional sources of background, which
we find to be subleading (see Table VII in the next section),
include the VV, tW, tt̄V and tV̄V production channels,
where V ¼ W, Z, γ. For example, for the ðeμμÞ trilepton
signal these are:

(i) WZ: pp → Wμþμ−, followed by W → eνe
(ii) ZZ: pp → Zμþμ−, followed by Z → eþe− (contrib-

utes in case one electron is not tracked)
(iii) tW: pp → tW, followed e.g., by tW → μ�μ∓ þ

jb þ 2jþ =ET (þ a nonprompt electron, see text)

TABLE III. The integrated cross sections of the pure NP contributions to the processes ðtllÞ0 and ðtllÞ1 of (3), i.e., σNPtll0
and σNPtll1 in

(14), and of the SM part in the ðtllÞ1 channel, σSMtll1
in (14), for the dilepton invariant mass lower cut selections mmin

ll ¼ 50, 100, 300,
1000 GeV. The NP contributions are calculated with Λ ¼ 1 TeV and f ¼ 1, where f ¼ SRR, TRR or f ¼ VRR. See also text.

Integrated cross section [fb], Λ ¼ 1 TeV

Source mmin
μþμ− ¼ 50 GeV mmin

μþμ− ¼ 100 GeV mmin
μþμ− ¼ 300 GeV mmin

μþμ− ¼ 1000 GeV

NP: pp → tlþl− (SRR ¼ 1 20.5 20.4 19.6 10.8
NP: pp → tlþl− (TRR ¼ 1 381.2 373.3 306.9 114.9
NP: pp → tlþl− (VRR ¼ 1 45.6 45.5 41.6 19.8
NP: pp → tlþl−j (SRR ¼ 1 16.8 16.7 16.1 9.6
NP: pp → tlþl−j (TRR ¼ 1 365.0 353.2 295.4 119.6
NP: pp → tlþl−j (VRR ¼ 1 39.7 39.2 36.3 18.7
SM: pp → tlþl−j 13.6 0.77 0.019 0.00041

8Although top reconstruction will not be considered here, it
may be useful for further reducing the background, e.g., the VV
and Z þ jets backgrounds considered below.

AFIK, BAR-SHALOM, SONI, and WUDKA PHYS. REV. D 103, 075031 (2021)

075031-8



(iv) tt̄W: pp → tt̄μ�νμ, followed by the leptonic top
decays tt̄ → e�μ∓ þ 2jb þ =ET pp → tt̄e�νe, fol-
lowed by tt̄ → μþμ− þ 2jb þ =ET

(v) tt̄Z: pp → tt̄μþμ−, followed by the top decays
tt̄ → e� þ 2jb þ 2jþ =ET

(vi) tW̄Z: pp → tWZ, followed by Z → μþμ− and
tW → e� þ jb þ 2jþ =ET

In Table IV we list the number of inclusive trilepton
pp → eμþμ− events per 100 fb−1 of integrated luminosity,
with the selections mmin

μþμ− ¼ 100, 300, 500, 1000 GeV,
generated by the tuμμ and tcμμ 4-Fermi operators and from
the irreducible SM process pp → tμþμ−j. Note that the
corresponding number of pp → μþμ− þ jb events are 9
times larger than the number of inclusive trilepton eμþμ−
events listed in Table IV, since all top decay channels
t → bW followed by both the leptonic and the hadronic
W-decays are included in this case. As discussed above,
the mmin

μþμ− selection is very effective for reducing the
background to both the ðμμ1bÞ and ðeμμÞ signals; see
Table VI and VII in the next section, where we list the
yields from various sources of backgrounds to the ðμμ1bÞ
and ðeμμÞ signals for the selections mmin

μþμ− ¼ 500, 1000,
1500, 2000 GeV. For example, the background to the
inclusive ðeμμÞ trilepton signal becomes negligible with the
selection ofmmin

μþμ− ∼ 1000 GeV. Thus, to get an estimate of
the sensitivity to the new tuiμμ 4-Fermi operators, we will
consider in the rest of this section only the inclusive eμμ
trilepton signal case with mmin

μþμ− ¼ 1000 GeV and assume
that it is background free in this regime. A more realistic
analysis including both the trilepton and dilepton þ b-jet
selections will be presented in the next section.

B. Domain of validity of the EFT setup

The basic assumption underlying the EFT approach is
that none of the heavy particles can be directly produced in

the processes being investigated. Assuming that Λ repre-
sents the masses of these particles, this leads to the
requirement Λ2 ≳ ŝ, where

ffiffiffî
s

p
is the center-of-mass energy

of the hard process. Alternatively, it is required that the NP
cross sections do not violate tree-level unitarity bounds,
which leads to similar constraints (for the case at hand the
FC tuill4-Fermi operators generate a cross section that
grows with energy σNPtllj ∝ ŝ). These criteria, however, are

not precise enough for our purposes for the following
reasons:

(i) The 4-fermion operators we consider can be gen-
erated either by a Z-like heavy particle coupling to
lepton and quark pairs (eg. tui → X → ll), or by a
leptoquark coupling to quark-lepton pairs (e.g.,
tl → LQ → uil). In the first case the EFT is
applicable when Λ > mmax

ll , and in the second case
when Λ > mmax

ql . If only one of these conditions is
obeyed the EFT approach remains applicable, but
only for the corresponding type of new physics; only
when both are violated is the EFT approach unre-
liable. It is worth noting that Λ > mmax

ql is often
much less restrictive.

(ii) The constraints we derive will be on the effective
scale Λeff ¼ Λ=

ffiffiffi
f

p
, whence the EFT applicability

conditions become Λeff > mmax
ql;ll=

ffiffiffi
f

p
. Thus, the

EFT approach remains applicable even for situations
where Λeff is of the same order, or even somewhat
smaller9 than mmax

ql;ll. This corresponds to NP
scenarios with f > 1 (while still remaining
perturbative).

TABLE IV. Number of ðeμμÞ signal events per 100 fb−1 of integrated luminosity, expected from the irreducible SM process pp →
tμþμ−j and from the pure NP tuμμ and tcμμ contributions to the fully inclusive pp → eμμþ X signal as defined in (15), with dimuon
invariant mass lower cut selections of mmin

μþμ− ¼ 100, 300, 500, 1000 GeV. The NP contributions are calculated with Λ ¼ 1 TeV and
f ¼ 1, where f ¼ SRR,TRR or f ¼ VRR. Note that the number of inclusive NP events includes the contributions from both pp → tμþμ−

and pp → tμþμ−j, followed by t → beνe. See also text.

Number of inclusive pp → eμþμ− þ X signal events/100 fb−1, Λ ¼ 1 TeV

Source Coupling mmin
μþμ− ¼ 100 GeV mmin

μþμ− ¼ 300 GeV mmin
μþμ− ¼ 500 GeV mmin

μþμ− ¼ 1000 GeV

tuμμ 4-Fermi SRR ¼ 1 399 382 342 215
TRR ¼ 1 7937 6568 5117 2539
VRR ¼ 1 916 841 716 409

tcμμ 4-Fermi SRR ¼ 1 29 25 20 9
TRR ¼ 1 711 481 318 108
VRR ¼ 1 75 60 44 18

pp → tμþμ−j SM irreducible 8 0 0 0

9Note for example that applying the naive EFT validity criteria,
s < Λ2

eff, to the Fermi theory of weak interactions would
give s < ð246 GeVÞ2 if f ¼ 1, but in reality f ∼ 0.3 and there-
fore s ≲ ð100 GeVÞ2.
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Based on this we will define the region of applicability
by demanding Λ > mmax

ll or Λ > mmax
ql , and allow Λeff to

be smaller than mmax
ql;ll by an Oð1Þ factor.

To close this section we note that dimension 8 operators
that interfere with the SM also generate OðΛ−4Þ contribu-
tions to the pp → tμþμ−j cross section. These, however,
can be ignored compared to the OðΛ−4Þ NPðdim :6Þ ×
NPðdim :6Þ terms that we keep, because the SM amplitude
is much suppressed for the high mmin

ll selection that we use,
as noted above.

C. Sensitivity to the NP

We have not considered up to this point the theoretical
and experimental uncertainties involved with the calcula-
tion and measurement of our pp → tlþl− þ X →
l0lþl− þ X signals. The theoretical uncertainties are
due to the flavor scheme (i.e., 4-flavor vs 5-flavor), the
NLO QCD (K-factor) and EW corrections, the dependence
on the renormalization (μR) and factorization (μF) scales
and the uncertainty due to the PDF choice. A detailed study
of the SM dilepton + single-top associated production
pp → tlþl−jwas recently performed in [79], where it was
found that these theory uncertainties amount to an Oð10%Þ
uncertainty in the estimate of σðpp → tlþl−jÞ. It should
be noted, though, that the uncertainties reported in [79] may
not necessarily apply to out study, since our dominant
signal processes are different (different initial and final
states) and, also, we focus on a different kinematical region
of the dilepton signals: the high dilepton invariant mass part
of the phase-space, mlþl− > 1 TeV (see below and in the
next section).

Thus, the overall experimental uncertainty (i.e., statis-
tical and systematic) for our inclusive trilepton signals is
not known, in particular, in the high dilepton invariant mass
regime (the sensitivity of our results to the overall uncer-
tainty will be examine in the next section). Thus, to be on
the conservative side, for an estimate of the sensitivity
to the scale of the tuiμμ 4-Fermi operators, we demand at
least 20 inclusive ðeμμÞ trilepton events with the high
mmin

μμ ¼ 1000 GeV selection, which ensures at least 10
background-free NP events (see discussion above) even
with an overall theoretical þ experimental uncertainty of
Oð50%Þ. This condition corresponds to:

f2

ðΛ=½TeV�Þ4 · σ
NP
eμμðmmin

μμ Þ · L ≥ 20; ð17Þ

where

σNPeμμðmmin
μμ Þ ¼ ½σNPtμμ0ðmmin

μμ Þ þ σNPtμμ1ðmmin
μμ Þ� · BRðt → beνeÞ;

ð18Þ

and σNPtμμjðmmin
μμ Þ with j ¼ 0, 1 are the NP parts of the

integrated cross sections in (14) for the ðtμμÞ0 and ðtμμÞ1
single-top signals of (3).
The requirement (17) must be complemented with the

constraints imposed by the validity of the EFT approach,
Λ > mmax

ll , as discussed in Sec. IV B above. As an
example, we take SRR ¼ VRR ¼ TRR ¼ 1 (corresponding
to f ¼ 1 and Λ ¼ Λeff) and plot in Fig. 4 the expected
bounds on Λ (Λmin) of the scalar, vector and tensor tuμμ
and tcμμ operators, as a function of the upper cutmmax

ll , for

FIG. 4. Expected bounds (Λmin) on the scaleΛ (i.e.,Λ > Λmin) from the trilepton signal pp → eμþμ− þ X, for the scalar (dotted-line),
vector (dashed-line) and tensor (solid-line) 4-Fermi tuμμ (left) and tcμμ (right) operators with SRR ¼ 1, TRR ¼ 1 and VRR ¼ 1, as a
function of an upper cut on the dimuon invariant mass mmax

μþμ− . The bounds are calculated with m
min
μþμ− ¼ 1000 GeV and for an integrated

luminosity of L ¼ 140 fb−1. The shaded areas correspond to the region where mmax
μþμ− > Λmin, which naively represents the domain

outside the validity of the EFT prescription. See also text.
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an integrated luminosity of L ¼ 140 fb−1 and a lower cut
selection of mmin

μþμ− ¼ 1000 GeV on the dimuon invariant
mass. The shaded regions in Fig. 4 correspond tommax

ll >Λ,
which as discussed above, is the domain where the validity
of the EFT might be questionable. The corresponding
bounds for integrated luminosities of L ¼ 140 and
3000 fb−1 are summarized in Table V, where we note by
½EFT?� the cases where the bound is not consistent with
the (conservative) condition of Λ > mmax

ll on the appli-
cability of the EFT approach, i.e., the cases where there is
no crossing between the curves representing the bounds
and the shaded area in Fig. 4.
We see, for example, that, with the current LHC data of

about 140 fb−1, no consistent bound can be derived on
the scale of the tcll 4-Fermi operators using the criterion
Λ > mmax

μþμ− for f ¼ 1, which restricts, but does not neces-
sarily excludes, the EFT approach we adopted as discussed
in Sec. IV B.

V. A MORE REALISTIC STUDY

In order to have a more realistic prediction for the
sensitivity to the tuiμμ 4-Fermi NP terms, we have
performed a more detailed analysis for the trilepton
ðeμμÞ and dilepton ðμμ1b) signal selections of (15) and
(16) with a pair of OSSF muons: pp → tμþμ− þ X →
eμþμ− þ X and pp → tμþμ− þ X → μþμ− þ jb þ X,
where the electron and b-jet originate from the decay of
the single-top in the final state.

A. Simulated event samples

All event samples were again generated at LO using
MADGRAPH5_aMC@NLO2.7.3 [127] in the 5-flavor scheme,
using the dedicated UFO model mentioned earlier that was

generated with FeynRules [128]. Here, the events were then
interfaced with the PYTHIA8 [133] parton shower and we
have used the NNPDF30LO PDF set [134] for samples atffiffiffi
s

p ¼ 13 TeV and the PDF4LHC15 PDF set [135] for
higher center-of-mass energies (27 and 100 TeV, see
below). The default MADGRAPH5_aMC@NLO LO dynamical
scale was used, which is the transverse mass calculated by a
kT-clustering of the final-state partons. Events of different
jet-multiplicities were matched using the MLM scheme
[136] using the default MADGRAPH5_aMC@NLO parameters
and all samples were processed through DELPHES3 [137],
which simulates the detector effects, applies simplified
reconstruction algorithms and was used for the
reconstruction of electrons, muons and hadronic jets. For
the leptons (electrons and muons) the reconstruction was
based on transverse momentum (pT)- and pseudorapidity
(η)-dependent artificial efficiency weight and an isolation
from other energy-flow objects was applied in a cone of
ΔR ¼ 0.4 with a minimum pT requirement of 30 GeV for
each lepton. Jets were reconstructed using the anti-kt [138]
clustering algorithm with radius parameter of R ¼ 0.4
implemented in FastJet [139,140], and were required to
have transverse momentum of pT > 30 GeV and pseudo-
rapidity jηj < 2.5. In cases where a selection of a b-jet was
used, the identification of b-tagged jets was done by
applying a pT-dependent weight based on the jet’s asso-
ciated flavor, and the MV2c20 tagging algorithm [141] in
the 70% working point.
Several types of background processes were considered

(see also discussion in the previous section): (1) the pro-
duction of 2-3 charged leptons through two gauge bosons
(noted as VV); (2) the production of 2 muons via a neutral
gauge boson (noted as Z þ jets); (3) the production of two
muons from a decay of top-pair (noted as tt̄) and (4) the
production of two muons from the decays of top and W-
boson produced via pp → tW (noted as tW). For the latter
three, an additional non-prompt lepton, which originates
e.g., from hadronic decays, can satisfy the trilepton selection
criterion. Additional potential background processes (also
mentioned earlier) from the SM processes pp → tt̄W, tt̄Z,
tWZ, tZq, were found to be negligible.

B. Event selection

As noted above, our base-point selection contains two
opposite-sign (OS) muons with an additional selection
of either one electron in the trilepton pp → eμþμ− þ X
case, or a single b-tagged jet for the dilepton signal
pp → μþμ− þ jb þ X. A requirement of an additional
b-tagged jet with the trilepton signal, i.e., the selection
ðeμμ1bÞ, will not be considered below, but we note that it
can improve the sensitivity obtained with the ðeμμÞ
selection by about 10% in the high luminosity scenario
of the HL-LHC.
The invariant mass of the OS muons (mμþμ−) was used

for optimization in both cases, as the discriminating

TABLE V. Expected bounds on the scale of the 4-Fermi tuμμ
and tcμμ operators with f ¼ 1 (f ¼ SRR; TRR; VRR) from the
trilepton signal pp → eμþμ− þ X with a dimuon invariant mass
lower cut selection of mmin

μþμ− ¼ 1000 GeV and for integrated

luminosities of L ¼ 140 and 3000 fb−1. Entries marked with
½EFT?� refer to cases where Λ < mmax

μþμ− , for which the appli-
cability of the EFT approach is questionable. See also text.

Expected bounds on Λ [TeV],
mmin

μþμ− ¼ 1000 GeV

Coupling
tuμμ

4-Fermi case
tcμμ

4-Fermi case

L ¼ 140 fb−1 SRR ¼ 1 1.8 0.9 ½EFT?�
TRR ¼ 1 3.7 1.6 ½EFT?�
VRR ¼ 1 2.2 1.1 ½EFT?�

L ¼ 3000 fb−1 SRR ¼ 1 4.3 1.8
TRR ¼ 1 7.9 3.6
VRR ¼ 1 5.0 2.2
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variable between the signal and the background; as shown
in the previous section, the NP is expected to dominate at
the tail of the mμþμ− distribution whereas a small yield for
the SM background is expected in that regime. We note
that a dedicated selection for each signal scenario of the
tull or tcll operators can improve slightly the sensi-
tivity, but, for simplicity, we keep the selection unified
between all three signal scenarios (i.e., SRR, TRR, VRR) of
a given operator. Furthermore, as mentioned earlier, since
the signal contains a single top-quark, a reconstruction of
the top quark may also be useful for improving the
sensitivity to the NP involved but we will not consider
that here. Two values of the total integrated luminosity

are considered below: 140 and 3000 fb−1, which corre-
spond to the currently available and HL-LHC integrated
luminosities, respectively.
In Tables VI and VII we list the expected number of

background events per 140 fb−1 of integrated luminosity,
for the dimuon + b-jet signal pp → μþμ− þ jb þ X and
for the inclusive trilepton signal pp → eμþμ− þ X, with
dimuon invariant mass lower cut selections of mmin

μþμ− ¼
500, 1000, 1500, 2000 GeV. In Fig. 5 we show the mμþμ−

distribution of the leading VV, tt̄ and Z þ jets SM back-
grounds and of the ðeμμÞ and ðμμ1bÞ signal scenarios for
both the tull and tcllVRR operators.

FIG. 5. Dimuon invariant mass distribution for the dilepton pp → μþμ− þ jb þ X (left) and trilepton pp → eμþμ− þ X (right) signal
scenarios generated by the tull and tcll vector operators with VRR ¼ 1 and Λ ¼ 1 TeV. This is overlaid with the SM stacked VV, tt̄
and Z þ jets background processes.

TABLE VII. Same as Table VI but for the case of the ðeμμÞ signal pp → eμþμ− þ X.

Number of background pp → eμμ þ X events=140 fb−1

Sub-process mmin
μþμ− ¼ 500 GeV mmin

μþμ− ¼ 1000 GeV mmin
μþμ− ¼ 1500 GeV mmin

μþμ− ¼ 2000 GeV

VV 7.1 1.0 0.2 0.1
tt̄ 78.2 1.6 0.1 0.0
Z þ jets 16.5 1.3 0.2 0.0
Wt 9.5 0.2 0.0 0.0

Total eμμ Background events 111.8 4.1 0.5 0.1

TABLE VI. Number of reducible dilepton background events per 140 fb−1 of integrated luminosity, expected from the SM processes
pp → VV; tt̄; Z þ jets; tW → μþμ− þ jb þ X, with mmin

μþμ− ¼ 500, 1000, 1500, 2000 GeV. See also text.

Number of background pp → μμþ jb þ X events=140 fb−1

Sub-process mmin
μþμ− ¼ 500 GeV mmin

μþμ− ¼ 1000 GeV mmin
μþμ− ¼ 1500 GeV mmin

μþμ− ¼ 2000 GeV

VV 13.0 1.2 0.2 0.1
tt̄ 336.4 6.9 0.3 0.0
Z þ jets 128.2 10.9 1.9 0.4
Wt 67.1 1.3 0.1 0.0

Total μμjb Background events 477.7 19.1 2.4 0.5

AFIK, BAR-SHALOM, SONI, and WUDKA PHYS. REV. D 103, 075031 (2021)

075031-12



C. Results: Sensitivity and bounds

For a sensitivity study (i.e., placing a bound on the NP
scale Λ), we calculated the p-value for each signal and
background hypothesis using the BinomialExpP function
by RooFit [142]. We calculate the p-value of the back-
ground-only and backgroundþ signal hypotheses for
each point and then perform a CLs [143] test to determine
the 95% confidence level (CL) exclusion values for Λ.
We then find an optimized selection of a minimum OS
dimuon invariant mass cut, mmin

μμ , which yields the best
limit on Λ in each channel, where at least one expected
event was demanded for each one of the signal
hypotheses.
The expected Z-value, which is defined as the number of

standard deviations from the background-only hypothesis
given a signal yield and background uncertainty, is calcu-
lated by the BinomialExpZ function by RooFit [142]. Examples
of the expected Z-value from the trilepton signal are plotted
in Fig. 6, as a function ofΛ for the case of the tull operator
and for several values of the relative overall uncertainty,
σB ¼ 25%, 50%, 100%, with the currently available
integrated luminosity of 140 fb−1. Clearly, our results
depend on the relative uncertainty. Furthermore, the relative
uncertainties for the ðeμμÞ and ðμμ1bÞ signal selections
may be different and that can determine which of the two is
more adequate for searching for the 4-Fermi signal scenar-
ios discussed in this paper. Keeping that in mind, we
analyze both the ðeμμÞ and ðμμ1bÞ signal channels and
choose a benchmark value of σB ¼ 25% (see, e.g., [117])

for both of them, assuming that the signal uncertainty is
included within σB.

10

In Tables VIII–IX we present the expected 95% CL
bounds on the scale Λ of the tull and tcll operators, for
the 3 different signal scenarios: SRR ¼ 1, TRR ¼ 1, and
VRR ¼ 1. The 95% CL bounds on the scale of the tull
operator are also depicted in Fig. 7, for the optimizedmmin

μþμ−

selection which yields the best expected limit for each case,
along with the�1σ and�2σ bands, as explained below. As
mentioned above, the two integrated luminosity scenarios
L ¼ 140 and 3000 fb−1 are considered. An upper cut of
mmax

μþμ− ¼ 5 TeV and mmax
μþμ− ¼ 3 TeV were applied on the

OSSF dimuons in the tull and tcll cases, respectively, in
order to be within the EFT validity regime, as discussed
above. We note, though, that the 95% CL bounds reported
here are rather mildly sensitive to mmax

μþμ− , as illustrated
in Fig. 8 for the tull and tcll scalar (SRR) and tensor
operators (TRR).

D. Results: Discovery potential

An estimate of the discovery potential can be inferred
from the expected Z-values mentioned above; in particular,
Z ¼ 5 corresponds to a 5σ discovery. Once again, as a
benchmark selection, we assume that the relative overall
uncertainty is 25% and in Tables X–XI we list the expected

FIG. 6. Expected Z-value for the signal hypotheses varied with respect to the scale Λ, of the tull scalar, tensor, and vector operators
with SRR ¼ 1 (left), TRR ¼ 1 (middle) and VRR ¼ 1 (right), for an integrated luminosity of 140 fb−1 and with mmin

μþμ− ¼ 1.5 TeV. The
ðμμ1bÞ and ðeμμÞ final state selections, pp → μþμ− þ jb þ X (upper) and pp → eμþμ− þ X (bottom), respectively, are presented.

10We note that the statistical uncertainty from the event
generator is ofOð1%Þ and is considered within this approximation.
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5σ discovery potential, Λð5σÞ, for the 3 different signal
scenarios: SRR ¼ 1, TRR ¼ 1, VRR ¼ 1 of both the tull
and tcll 4-Fermi operators, via the ðμμ1bÞ and ðeμμÞ
signal selections, respectively. Results are again shown for
the two integrated luminosity cases corresponding to the
currently accumulated LHC data and the planned HL-LHC
luminosity. We see, e.g., that a 5σ discovery of the tull
tensor interactions is possible within the current LHC
accumulated data if Λ≲ 3.7 TeV with the ðμμ1bÞ selection
and Λ≲ 3 TeV in the trilepton ðeμμÞ case.

E. Results: Sensitivity at a future 27 and 100 TeV
hadron colliders

We have also extended our study to future hadron
machines; specifically, to the sensitivity of a 27 TeV and
a 100 TeV proton-proton collider to the tuill operators,
for which we have assumed a total integrated luminosity
of 15000 fb−1 [144] and 20000 fb−1 [145], respectively.
The expected 95% CL bounds for the higher energy proton-
proton colliders are presented in Fig. 9, where we show
the 95% CL upper bounds on the scale of the tull and
tcll 4-Fermi operators for the 3 signal scenarios SRR ¼ 1,

TRR ¼ 1 and VRR ¼ 1. Here also, the expected bounds are
presented for the optimized mmin

μþμ− selections and an upper
cut on the OSSF muons of mmax

μþμ− ¼ 10, 30 TeV for the
27 TeV and 100 TeV cases, respectively, and with a
25%ð1σÞ relative uncertainty.
We see from Fig. 9 that a 27 TeV (100 TeV) proton

collider is expected to be sensitive (at 95% CL) to Λ ≳
8–13 TeV (Λ≳ 19–37 TeV) for the tull operator and to
Λ≳ 3–5 TeV (Λ≳ 9 − 16 TeV) for the tcll one. This
should be compared with the expected reach at other future
colliders, such as the proposed Circular Electron Positron
Collider (CEPC, see, e.g., [146]) and Compact Linear
Collider (CLIC, see, e.g., [147] and references therein)
eþe−-machines and the ep Large Hadron-Electron Collider
(LHeC, see. e.g., [148]). For example, it was shown in
[149,150] that the CEPC and CLIC machines, respectively,
will be sensitive to scales of the tuee and tcee scalar, vector
and tensor operators in the range Λ ∼ 5–10 TeV, depend-
ing on the center of mass energy of these future ee
machines. For the tuee 4-Fermi terms this is comparable
to the reach expected at the HL-LHC via our di- and
trilepton signals (as shown above), whereas for the tcee

TABLE IX. Same as Table VIII but for the ðeμμÞ signal pp → eμþμ− þ X.

Expected bounds Λminð95%CLÞ [TeV]; ðeμμÞ∶ pp → eμþμ− þ X

Operator tuμμ 4-Fermi case tcμμ 4-Fermi case

Coupling mmin
μþμ− [GeV] Λminð95%CLÞ [TeV] mmin

μþμ− [GeV] Λminð95%CLÞ [TeV]
L ¼ 140 fb−1 SRR ¼ 1 1500 2.3þ0.0

−0.1 1000 0.9þ0.0
−0.0 ½EFT?�

TRR ¼ 1 4.1þ0.1
−0.1 1.7þ0.1

−0.1
VRR ¼ 1 2.7þ0.0

−0.1 1.1þ0.0
−0.0

L ¼ 3000 fb−1 SRR ¼ 1 1500 3.5þ0.1
−0.1 1000 1.1þ0.1

−0.1
TRR ¼ 1 6.3þ0.2

−0.3 2.1þ0.1
−0.1

VRR ¼ 1 4.1þ0.1
−0.2 1.3þ0.1

−0.1

TABLE VIII. Expected maximum 95% CL sensitivity ranges to the scale Λ, Λminð95%CLÞ, of the tull and tcll 4-Fermi operators,
obtained via the dilepton ðμμ1bÞ signal pp → μþμ− þ jb þ X with the corresponding optimal mmin

μþμ− selection. An upper selection on
the dimuon invariant mass of mmax

μþμ− ¼ 3, 5 TeV was applied in the tcll, tull cases, respectively. Results are shown for the 3 signal
scenarios of each operator: SRR ¼ 1, TRR ¼ 1, VRR ¼ 1. See also text and caption of Fig. 7.

Expected bounds Λminð95%CLÞ [TeV]; ðμμ1bÞ∶ pp → μþμ− þ jb þ X

Operator tuμμ 4-Fermi case tcμμ 4-Fermi case

Coupling mmin
μþμ− [GeV] Λminð95%CLÞ [TeV] mmin

μþμ− [GeV] Λminð95%CLÞ [TeV]
L ¼ 140 fb−1 SRR ¼ 1 1500 2.8þ0.1

−0.1 1000 1.0þ0.1
−0.1 ½EFT?�

TRR ¼ 1 5.0þ0.1
−0.2 1.8þ0.1

−0.1
VRR ¼ 1 3.2þ0.1

−0.1 1.1þ0.1
−0.1

L ¼ 3000 fb−1 SRR ¼ 1 2000 4.1þ0.1
−0.2 1500 1.3þ0.1

−0.1 ½EFT?�
TRR ¼ 1 7.1þ0.3

−0.3 2.4þ0.1
−0.1

VRR ¼ 1 4.7þ0.2
−0.2 1.5þ0.1

−0.1 ½EFT?�
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FIG. 8. Expected 95% CL upper limit on the scale Λ of the tull and tcll operators for the SRR (left) and TRR signal scenarios, as a
function of the upper invariant mass selection, mmax

μþμ− . Results are shown for a total integrated luminosity of 140 fb−1. In both cases we
assume 25% background uncertainty at 1σ.

FIG. 7. Expected 95% CL upper limit on Λ, Λminð95%CLÞ, of the tull operator for 3 signal scenarios: SRR ¼ 1, TRR ¼ 1, and
VRR ¼ 1, and total integrated luminosities of 140 fb−1 (left) and 3000 fb−1 (right). The ðμμ1bÞ and ðeμμÞ final states selection are
presented in the upper and lower plots, respectively. For all cases mmax

μþμ− ¼ 5 TeV and the optimal mmin
μþμ− selections were used (see also

Tables VIII–IX). Also, for all cases the overall uncertainty is chosen to be 25% at 1σ as explained in the text.
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operators this is about an order of magnitude better than
what we found for the HL-LHC setup, while it is compa-
rable to the expected sensitivity at the HE-LHC (i.e., a 27 or
100 TeV LHC upgrade, see Fig. 9). On the other hand, the
sensitivity of the LHeC machine to the tuee and tcee
operators via the single-top ep → et production channel
that was studied in [150], is comparable to what we find for
the current LHC data with 140 fb−1 of data.
We note, though, that these future ee and ep machines

are sensitive only to the tuiee 4-Fermi operators, as
opposed to the LHC which, as we show, can probe also
the dimuon tuiμμ operators via our di- and trilepton signals.

F. Results: Final remarks

To conclude this section, let us recapitulate some of the
salient features of our findings and also further comment on
the potential richness of the multilepton signals consid-
ered above:

(i) The three lepton final states with an additional light
and/or b-jet can be a useful probe for searching NP
in general; their applicability is not restricted to FC
process or to a SMEFT parametrization. These final

states are rich in observables sensitive to deviations
form the SM; some interesting examples are a
forward-backward asymmetry, energy asymmetry
and triple correlation asymmetries, which can be
readily constructed from the available energies and
the 4-momenta of the charged leptons along with the
4-momenta of the light and/or b-jet in the trilepton
final state [19].

(ii) For the SMEFT parameterization of FC effects, both
the di- and trilepton signals are significantly more
sensitive to the tull than to the tcll4-Fermi
interaction as a result of the larger u-quark content
in the colliding protons and the importance of the ug
fusion diagrams in Fig. 2.

(iii) An extra selection of exactly one b-tagged jet on
the dilepton signature can yield a significantly better
sensitivity to the scale of the underlying FC NP (see
Tables VIII–XI).

(iv) Since there are no significant SM × NP interference
effects for the FC EFT we consider, the sensitivity
and reach for the other 4-Fermi vector currents, VLL;,
VRL and VLR will be identical to that of VRR (which
is the one studied above).

TABLE XI. Same as Table X but for the ðeμμÞ signal pp → eμþμ− þ X.

Coupling mmin
μþμ− [GeV] Λð5σÞ [TeV] mmin

μþμ− [GeV] Λð5σÞ [TeV]
Expected discovery potential Λð5σÞ [TeV]; ðeμμÞ∶ pp → eμþμ− þ X

Operator tuμμ 4-Fermi case tcμμ 4-Fermi case

L ¼ 140 fb−1 SRR ¼ 1 1500 1.7 1000 0.7 ½EFT?�
TRR ¼ 1 3.0 1.3
VRR ¼ 1 1.9 0.8 ½EFT?�

L ¼ 3000 fb−1 SRR ¼ 1 1500 2.7 1000 0.9 ½EFT?�
TRR ¼ 1 4.7 1.6
VRR ¼ 1 3.0 1.0 ½EFT?�

TABLE X. Expected discovery potential for the scale of NP Λ, of the tull and tcll4-Fermi operators, obtained
via the dilepton ðμμ1bÞ signal pp → μþμ− þ jb þ X with the corresponding optimal mmin

μþμ− selection. An upper
selection on the dimuon invariant mass of mmax

μþμ− ¼ 3, 5 TeV was applied in the tcll, tull cases, respectively.
Results are shown for the 3 signal scenarios of each operator: SRR ¼ 1, TRR ¼ 1, VRR ¼ 1.

Expected discovery potential Λð5σÞ [TeV]; ðμμ1bÞ∶ pp → μþμ− þ jb þ X

Operator tuμμ 4-Fermi case tcμμ 4-Fermi case

Coupling mmin
μþμ− [GeV] Λð5σÞ [TeV] mmin

μþμ− [GeV] Λð5σÞ [TeV]
L ¼ 140 fb−1 SRR ¼ 1 1500 2.1 0.7 ½EFT?�

TRR ¼ 1 3.7 1000 1.4
VRR ¼ 1 2.4 0.9 ½EFT?�

L ¼ 3000 fb−1 SRR ¼ 1 2000 3.1 1500 1.0 ½EFT?�
TRR ¼ 1 5.3 1.8
VRR ¼ 1 3.5 1.1 ½EFT?�
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VI. LEPTON FLAVOR NONUNIVERSALITY

As mentioned earlier, the di- and trilepton signals can
also be used to study possible LFNU effects in the FC
tuill4-Fermi operators from lepton nonuniversal effects in
the underlying heavy theory, e.g., LFNU couplings of a
heavy vector or heavy scalar to the SM leptons.11 Following
the work in [119], we can define generic LFNU “tests”
for our single-top þ dilepton signals (3), normalized to the
dielectron channels, as follows:

Ttll0 ¼
σðtllÞ0
σðteeÞ0

; Ttll1
¼ σðtllÞ1

σðteeÞ1
; ð19Þ

or, more generally, for our inclusive di- and trilepton
signals:

T1b
ll ¼ Nðll1bÞ

Nðee1bÞ ; Tl0=l00
ll ¼ Nðl0llÞ

Nðl00eeÞ ; ð20Þ

where Nðll1bÞ and Nðl0llÞ are the number of pp →
lþl− þ jb þ X and pp → l0lþl− þ X events, respec-
tively. An example of an interesting test of LFNU signals
is provided by Tμ=e

μμ that measures a possible difference in
the tuiμμ and tuiee contact interactions. With a selection
mmin

ll > 1000 GeV (ensuring, as shown above, negligible
SM background to the NP trilepton signals), we have:

Tμ=e
μμ ¼ NðμμμÞ

NðeeeÞ ≈
Λ4
μ

Λ4
e
; ð21Þ

where here Λl denote the scale of the tull operator.
In Fig. 10 we plot the regions in the Λμ − Λe plane where

LFU can be tested with Tμ=e
μμ , depending on the uncertainty

(δT) in its measurement. We also show in Fig. 10 the size of

FIG. 9. Expected 95% CL upper limit on Λ of the tull (left) and tcll (right) operators for center-of-mass energy of 27 TeV (upper
plots) and 100 TeV (lower plots), for 3 signal scenarios: SRR ¼ 1, TRR ¼ 1, and VRR ¼ 1. The total integrated luminosity is 15000 fb−1

for the 27 TeV machine and 20000 fb−1 for 100 TeVone. Results are shown with 25% overall relative uncertainty at 1σ and with mmin
μþμ−

selections as indicated. See also text.

11The LFNU effects we consider correspond to differences
in the tuee, tuμμ, and tuττ couplings, and not possible tueμ
interactions.
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ΔΛμe ¼ Λμ − Λe splitting required for observing LFNU
effects. We see, e.g., that jΔΛμej≳ 0.2 TeV will yield a

measurable LFNU signal if Tμ=e
μμ can be measured to a 20%

precision.12

VII. SUMMARY

We have considered the effects of 4-Fermi tuill flavor
changing interactions (ui ∈ u, c) in the top-quark sector,
which can be generated from different types of underlying

heavy physics containing e.g., heavy scalars and/or vectors.
We showed that these higher-dimensional FCNC top
interactions can lead to new single-top þ dilepton signals
at the LHC via pp → tlþl− and pp → tlþl− þ j
(j ¼ light jet), which can be efficiently probed via the
dilepton þ b-jet pp → lþl− þ jb þ X signal and/or in
trilepton pp → l0lþl− þ X events, containing opposite-
sign same-flavor (OSSF) dileptons, e.g., pp→eμþμ−þX,
if the NP involves the tuiμμ contact terms and the top
decays via t → bW → beνe.
We have studied in some detail the SM background to

these di- and trilepton signatures, which is dominated by
pp → tt̄; Z þ jets;WZ and showed that an excellent sep-
aration between the NP signals and the background can be
obtained with a selection of events with high OSSF

FIG. 10. Lepton flavor universal (LFU) regions (yellow shaded) in the Λμ − Λe and Λμe − Λe planes, where Λμe ≡ Λμ − Λe. The areas
outside the yellow shaded areas are where LFU is violated. Two cases are shown: a 20% (left plots) and 40% (right plots) uncertainty in
the measurement of the LFU T-test in (21). See also text.

12Note that ratio observables such as in (20) and (21) provide
more reliable probes of NP, since they potentially minimize the
effects of the theoretical uncertainties involved in the calculation
of the corresponding cross sections [119].
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dileptons invariant mass mmin
lþl−ðOSSFÞ > 1 TeV. The high

invariant mass selection on the OSSF dileptons also allows
to isolate the FC tuill4-Fermi dynamics from other types
of NP, e.g., anomalous FC tuiZ terms, that may also
contribute to the same di- and trilepton signals, but with on-
Z peak OSSF dileptons. We also find that an additional
selection of a single b-tagged jet is useful for tracking the
top-quark decay in these events and, in the dilepton signal
case pp → lþl− þ jb þ X, it significantly improves the
sensitivity to the scale of these FC tuill operators.
We have shown that the currentOð1Þ TeV bounds on the

scale of these tull and tcllFC 4-Fermi interactions (from
LEP2 and from pp → tt̄ followed by t → lþl−j) can be
appreciably improved. For example, 95% CL bounds of
Λ≲ 5ð3.2Þ TeV are expected on the scale of a tensor
(vector) tuμμ interaction, already with the current
∼140 fb−1 of LHC data, via the dimuon pp → μþμ− þ
jb þ X signal; this is an improvement by a factor of 3–5
with respect to the current bounds on these operators. The
expected reach at the HL-LHC with 3000 fb−1 of data is
Λ≲ 7.1ð4.7Þ TeV for the tensor(vector) FC tull4-Fermi
interactions and Λ≲ 2.4ð1.5Þ TeV for the corresponding
tcμμ operators. We have considered the consistency of
these bounds with restrictive requirements for the domain
of validity of the EFT prescription and imposed the relevant
EFT-validity criteria accordingly.

We have also considered the potential sensitivity
of higher energy 27 and 100 TeV proton-proton colliders
to the tull and tcll4-Fermi operators and found that
a 27 TeV machine will be able to probe scales of Λ≲
8 − 15 TeV and Λ≳ 4 − 5 TeV for the scalar, vector and
tensor tull and tcll operators, respectively. Likewise,
a 100 TeV proton collider will be sensitive to scales of
Λ≳ 20 − 35 TeV and Λ≳ 9 − 15 TeV for the tull and
tcll operators.
We furthermore explored potential searches for lepton

nonuniversal effects that can be performed with our multi-
lepton signals, finding e.g., that if the typical scale of these
4-Fermi tuill operators is around 5 TeV, then a separation
of more than Oð0.5Þ TeV between the scales of the tuiμμ
and tuiee 4-Fermi terms, may be distinguishable via our di-
and trilepton signatures, indicating that the underlying
heavy physics is lepton nonuniversal.
Finally, we end with a cautionary remark. A positive

signal through these tests does not necessarily mean that the
underlying new physics is flavor changing, but rather, it
means that it may be so and further studies will be needed
for confirmation.
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